Introduction
Thiosemicarbazones (TSCs) are Schiff bases obtained by condensation of an aldehyde or a ketone with a thiosemicarbazide and represent an important class of (N,S) donor ligands [1] . TSCs and their metal complexes are extensively investigated as they exhibit a wide range of pharmacologically interesting properties like anticancer, antibacterial, antiparasitic, and antiviral effects [2] . Especially N)-heterocyclic TSCs exert significant antitumor activity in vitro and in vivo [2, 3] . Triapine (3-aminopyridine-2-carbaldehyde thiosemicarbazone, 3-AP, Chart 1) is the most prominent representative among the α(N)-pyridyl TSCs since it has already been tested in many phase I and II clinical trials [4] . The proposed mechanism of action of Triapine is based on its ability to inhibit the iron-dependent enzyme ribonucleotide reductase, the rate-determining enzyme in the supply of deoxyribonucleotides for DNA synthesis and repair [3, 5] . It has been assumed that the formation of an intracellular iron complex of Triapine plays a crucial role in the mechanism of enzyme inhibition [6] . In this complex, Triapine acts as tridentate ligand and coordinates via an (N pyr ,N,S -) donor set, wherein the hydrazinic-N moiety is deprotonated [3] . In general, this arrangement of the donor atoms for α(N)-pyridyl TSCs is also suitable for the binding of other transition metal ions, e.g. Cu(II), Zn(II), Ru(III), Pt(II), and Pd(II), which can result in complexes with even higher cytotoxicity than that of the metal-free ligands [2] . In our previous works we pointed out that dimethylation of the terminal nitrogen strongly enhances the cytotoxicity of α(N)-pyridyl TSCs, especially in the absence of any NH 2 group in the molecule [7] . In addition,
terminal dimethylation results in a strong increase of the solution stability of the Fe(II/III), Cu(II), Zn(II), and Ga(III) complexes [7] [8] [9] . The best-known terminally dimethylated bispyridyl TSC is di-2-pyridylketone-4,4-dimethyl-3-thiosemicarbazone (Dp44mT), which demonstrated very potent anticancer activity in vivo using human xenografts in nude mice [10, 11] and was reported to overcome multidrug-resistance in cancer cells [12] .
In addition, to the effects of the free ligands, also a wide range of metal complexes of tridentate TSCs with remarkable biological effect has been reported in the literature including copper [13] [14] [15] , platinum [16] , or vanadium compounds [2, 17, 18] . With regards to vanadium, complexes of α(N)-pyridyl TSCs formed with oxovanadium(IV) and dioxovanadium(V) were pH-potentiometric, UV−vis, and 1 H NMR titrations [8] . In accordance to these data, the repetitive measurements in this study provided similar values. Noteworthy, the presence of DMSO was required due to the limited water solubility of the ligands as well as their respective vanadium complexes. The obtained pK 1 can be attributed to the proton dissociation of the pyridinium unit and pK 2 values to the deprotonation of the hydrazinic NH group of the thiosemicarbazide moiety. In the latter proton dissociation step, the resulting negative charge is mainly localized on the S atom via the thione-thiol tautomeric equilibrium (Chart 2) [8] .
Based on the pK a values, it can be concluded that all three α-pyridyl TSCs are present in their neutral HL form at pH 7.4. In order to characterize the lipophilic character of the ligands, distribution coefficients of APTSC and PTSC were determined by the traditional shake flask method at pH 7.4
(logD 7.4 values in Table 1 ), which represent the actual partitioning between n-octanol and water. As expected, the methyl groups on the terminal nitrogen of the α-pyridyl TSCs increase the logD 7.4 value compared to that of the reference compound Triapine [25] .
Complex formation equilibria of vanadium(IV) with Triapine, APTSC, and PTSC
The complex formation processes of Triapine, APTSC, and PTSC with V(IV)O were studied by the combined approach of pH-potentiometry, UV-vis spectrophotometry, and EPR spectroscopy in a 30% (w/w) DMSO/H 2 O solvent mixture under anaerobic conditions. The stoichiometries of the oxovanadium(IV) complexes and the overall stability constants calculated on the basis of the pH-potentiometric titrations are listed in Table 1 . These studies In order to elucidate the actual coordination modes in solution and confirm the speciation model obtained by pH-potentiometry, EPR spectra were recorded at various pH values at room temperature (Fig. 2) . In case of the V(IV)O -PTSC system, spectra could be recorded up to pH 9.8 using individual samples. In contrast, when titrations were performed with Triapine and APTSC, oxidation took place resulting in the continuous loss of the EPR signal at higher pH values, although the measurements were done under an argon atmosphere (but not under strictly anaerobic conditions). It is noteworthy, that the hydrolysis of the metal ion can strongly increase the sensitivity to oxidation. The two-dimensional simulation of the solution EPR spectra resulted in the individual isotropic EPR spectra ( (Table 2 ).
There was no indication for formation of EPR-active dinuclear or bis-ligand complexes. complexes are considered as mixed hydroxido species [V(IV)O(L)(OH)]. Using the empirical additivity relationship [27, 28] , the average A 0 value of the contribution of a thiolate, two aromatic nitrogen atoms (no data for imine-N) and a water molecule is 87.0×10 -4 cm -1 and for the mixed hydroxido species 80.6×10 -4 cm -1 . All estimations are in good agreement with the measured data in Table 2 . Table 2 In the case of the V(IV)O -PTSC system, EPR spectra were also recorded on frozen samples at 77 K. The calculated anisotropic EPR parameters (Table 3 ) and the spectra simulation for (Fig. 3 ) permitted the conclusion that most probably two kinds of isomers with a molar ratio of ~1:6 are formed under these conditions.
The isotropic EPR parameters of the major isomers (1) [29] , which is quite frequent in the case of V(IV)O species and was also observed for other V(IV)O -TSC complexes [24, 26] . In the protonation state of VO(IV)L the octahedral "trans", while in the case of complex [V(IV)OL(OH)] the penta-coordinated / octahedral "cis" forms are the most stable species. Figure 3 Direct comparison of stability constants and concentration distribution curves calculated for the V(IV)O complexes formed with the α-pyridyl TSCs (Table 1 , Fig. 1 ) shows that Triapine is hardly able to form stable complexes with V(IV)O even at mM concentrations. In contrast, the complex stability of terminally dimethylated TSCs is distinctly increased. This is in good agreement with previous studies from our group on other metal ions [8, 9] .
Complex formation equilibria of vanadium(V) with Triapine, APTSC, and PTSC
As a next step, the V(V)-binding abilities of Triapine, APTSC, and PTSC were studied Interestingly, a similar redox reaction was already described for Fe(III) complexes of α(N)-pyridyl TSCs, however only at pH >10 [9, 30] . Solely peaks of the non-bound V(V) species could be observed at pH >~10, in the case of PTSC ( From these values, stability constants were computed for the formation of
complexes (see Table 4 for the equilibrium processes and constants). The bound V(V) fraction is slightly higher for PTSC compared to APTSC (91% vs. 82%), and the bound metal ion fraction is higher in the case of the V(V)-containing systems compared to V(IV)O representing a somewhat higher stability of the V(V) complexes. 
Synthesis and characterization of vanadium(IV/V) complexes of PTSC and APTSC
As a result of the solution equilibrium studies, it was concluded that Triapine is not an efficient chelator for vanadium(IV/V) ions. Therefore, we prepared only the vanadium complexes of the terminally dimethylated ligands (PTSC and APTSC) for further biological studies. The two metal-free ligands APTSC and PTSC were synthesized according to literature [7, 31] . The V(V)O 2 -containing complexes were synthesized in methanol in 1:2 molar ratio using the appropriate TSC ligand (HL) and the vanadium(V) precursor Single crystals of X-ray diffraction quality of 1a were obtained after several days directly from the mother liquor. In contrast, crystals of 2a were produced by slow diffusion of ether into a solution of the complex in CH 2 Cl 2 under argon atmosphere. Crystal data, data collection parameters, and structure refinement details are given in Table S1 . The results of the X-ray diffraction studies are shown in Fig. 5 and selected bond distances and angles are summarized in Table 5 for 1a and 2a in comparison to the PTSC ligand [7] . For the vanadium(V) complex 1a ( Table 5 In contrast, in the oxovanadium(IV) complex 2a, the coordination polyhedron approaches an octahedron, where one tridentate PTSC, a bidentate acac, and an oxido ligand is coordinated to the metal center (Fig. 5 ). Comparably to complex 1a, the ligand is deprotonated (L -). Of note is the difference in the bond length from vanadium(IV) to the acac oxygen atoms with V-O1 at 1.984 Å and V-O2 at 2.155 Å. The enlongated bond length of V-O2 can be explained by the trans influence of the oxido ligand and is in agreement with a similar structure with 2-acetylpyridine-4-phenylthiosemicarbazone [35] . In crystal structures of both, 1a and 2a, deprotonation of the PTSC ligand is accompanied with a distinct elongation of the C7-S bond (1a: 1.737 Å; 2a: 1.751 Å) compared to the metal-free ligand at 1.686 Å indicating an increased single-bond character [7] . In addition, the C7-N3 bond decreases from 1.373 Å to 1.325 Å in 1a and 1.334 Å in 2a, respectively.
Cytotoxicity of complexes 1a, 1b, and 2a
As a next step, the cytotoxicity of the novel synthesized compounds (IC 50 values in nM) of 1a, 1b, and 2a in comparison to their metal-free ligands were measured in three human cancer cell lines (colon carcinoma SW480, ovarian carcinoma A2780, and epidermal carcinoma-derived KB-3-1 cells). Table 6 shows the IC 50 values for the compounds after 72 h incubation measured by the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay. Table 6 In general, A2780 cells were found to be the most sensitive of the investigated cell lines, whereas SW480 and KB-3-1 cells were less affected by the compounds. In accordance to the literature, PTSC had IC 50 values in the (low) nanomolar range, whereas, APTSC was active at low µM concentrations comparable to Triapine [7] . Interestingly, the sensitivity profile of SW480 cells was strongly different from KB-3-1 and A2780. These two cell models were very sensitive towards PTSC and its complexes, while in SW480 cells a distinctly reduced activity was observed. In contrast, APTSC and its vanadium complex showed quite similar activity in all three cell lines. This probably originates from differences in the mode of action, which were observed for PTSC compared to APTSC [36] . Despite these differences originating from the ligand properties, the impact of vanadium complexation was rather weak.
Thus, only in KB-3-1a non-significant tendency for increased activity of 1a and 2a in comparison to the respective free ligand was observed. In contrast, 1b was slightly less active than APTSC in all tested cell lines. This lack of impact can most probably be explained by the release of the ligands due to the low solution stability of these vanadium complexes already in the low micro-to nanomolar concentration range.
Complex formation of STSC with vanadium(IV/V) ions and cytotoxicity studies
In order to investigate whether the solution stability of vanadium(IV/V) complexes of tridentate thiosemicarbazones and their cytotoxicity can be increased by exchange of the pyridyl nitrogen for a harder Lewis acid donor atom with higher affinity to the vanadium ions, STSC with a phenolate oxygen was chosen as a test compound (Chart 1).
The acid-base properties of STSC have already been studied in detail in our previous work [25] , and the pK a values determined here are in good agreement with the published data ( considerably higher compared to those of the α(N)-pyridyl TSCs ( Table 1 ).
The V(IV)O-binding ability of STSC was studied by pH-potentiometry and EPR methods. The pH-potentiometric data reveal the formation of mono-ligand species:
-comparably to previous data on complexes formed with other bivalent metal ions such as Cu(II) and Zn(II) [12] . Overall stability constants of the V(IV)O-STSC complexes are summarized in Table 1 . Based on the deconvolution of the EPR spectra recorded at room temperature, a component spectrum ( Fig.   6a ) and isotropic EPR parameters (Table 2) Table   1 ) and the higher fractions of the bound metal ion in a broader pH range including pH 7.4 (c.f.
Figs. 6b and 1). Thus, the involvement of the phenolate oxygen into the coordination instead of the pyridyl nitrogen results in more favorable complex formation with V(IV)O.
Figure 6
Since no redox reaction was observed, the V(V) -STSC system could be monitored over a wider pH range by 51 V NMR spectroscopy ( Fig. 7 .a/b) compared to the α(N)-pyridyl
TSCs. The recorded spectra represented formation of isomeric species (1) and (2) and three groups of signals were identified as follows:
and (Fig. 7.b) . Based on the pH-dependence of the chemical shifts of the peaks, equilibrium constants were calculated for protonation of the HV(
formed between pH ~3 and ~11, our data suggest ligand coordination most probably via the antiproliferative activity [39] compared to the class of α(N)-pyridyl TSCs [7] . This can probably be explained by the fact that α(N)-pyridyl TSCs were found to be unambiguously more efficient chelators for Fe(II) than STSC over a wide pH range [25] . This indicates that in case of STSC the redox cycling of the intracellularly formed iron complexes, which is assumed to be crucial for the activity of thiosemicarbazones, is hampered [6] .
Conclusions
In the here presented study, stoichiometry and stability of vanadium(IV/V) complexes complexes of STSC were found to be significantly higher than that of the α(N)-pyridyl TSCs.
Cytotoxicity measurements of a STSC-V(V) complex revealed an increase of the anticancer activity compared to the very low activity of the metal-free STSC ligand. In general, the cytotoxic activity of STSC was strongly decreased compared to α(N)-pyridyl TSCs. Thus STSC derivatives with higher anticancer activity e.g. terminal dimethylated derivatives will be investigated in subsequent studies to further increase the stability and shift the biological activity to the low micromolar range.
Experimental

Chemicals
Triapine, PTSC, and APTSC were prepared as described previously [7, 31] . STSC was purchased from Sigma-Aldrich and used without further purification. The exact concentration of the ligand stock solutions together with the proton dissociation constants were determined by pH-potentiometric titrations with aid of the computer program HYPERQUAD [40] . Crystals suitable for X-ray data collection were obtained by slow diffusion of ether into a solution of 2a in dichloromethane under an argon atmosphere.
Synthesis of vanadium(IV/V) complexes of PTSC and APTSC
(2-Formylpyridine N,N-dimethylthiosemicarbazonato)dioxovanadium(V), [V(V)O 2 (L)]
Crystallographic structure determination of 1a and 2a
X-ray diffraction measurements were performed on a Bruker X8 APPEXII CCD The data were processed using SAINT software [42] . The structures were solved by direct methods and refined by full-matrix least-squares techniques. Non-hydrogen atoms were refined with anisotropic displacement parameters. H atoms were placed at calculated positions and refined as riding atoms in the subsequent least squares model refinements. The following software programs and computer were used: structure solution, SHELXS-97 [43] ; refinement, SHELXL-97 [43] ; molecular diagrams, ORTEP [44] ; computer: Intel CoreDuo. Crystal data and structure refinement details for 1a and 2a are given in Table S1 . Crystallographic data have been deposited at the Cambridge Crystallographic Data Center with numbers CCDC1021658 and 1021659.
pH-potentiometric measurements
The pH-metric measurements for determination of the protonation constants of the The protonation constants of the ligands were determined with the computer program HYPERQUAD [40] , and PSEQUAD [47] was utilized to establish the stoichiometry of the complexes and to calculate the stability constants (log M p L q H r )) using the literature data for V(IV)O hydroxido complexes [48] . It is noteworthy that hydrolysis constants of V(IV)O hydroxido complexes are not known in the literature for the applied solvent mixture.
, where M denotes the metal ion (V(IV)O) and L the completely deprotonated ligands. In all calculations, exclusively titration data were used from experiments in which no precipitate was visible in the reaction mixture.
UV-vis spectrophotometric and 51 V NMR measurements
A Hewlett Packard 8452A diode array spectrophotometer was used to record the UVvis spectra in the interval 260-820 nm. The path length was 1 cm. Protonation and stability constants and the individual spectra of the species were calculated by the computer program PSEQUAD [47] . The spectrophotometric titrations were performed on samples of the pure Measurements and calculations were performed similarly as we described previously for Triapine and STSC [25] .
EPR measurements and deconvolution of the spectra
All continuous-wave (CW) EPR spectra were recorded with a BRUKER EleXsys E500 spectrometer (microwave frequency 9.81 GHz, microwave power 10 mW, modulation amplitude 5 G, modulation frequency 100 kHz). EPR spectra were recorded at 1. and .
states, respectively, and the d xy ground state.
For each spectrum, the noise-corrected regression parameter (R j for the j th spectrum) was derived from the average square deviation (SQD) between experimental and calculated intensities. For the series of spectra, the fit is characterized by the overall regression coefficient R, calculated from the overall average SQD. The details of the statistical analysis were published previously [51] . The hyperfine and superhyperfine coupling constants and the relaxation parameters were obtained in field units (Gauss = 10 -4 T) and were calculated to 10 
Cell lines and culture conditions
The following human cell lines were used in this study: the colon carcinoma cell line c Taken from [25] . 
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